To identify the outcomes and risks of split-liver transplantation (SLT) for two adult recipients to determine the feasibility of more widespread use of this procedure to increase the graft pool for adults.
Objective
To identify the outcomes and risks of split-liver transplantation (SLT) for two adult recipients to determine the feasibility of more widespread use of this procedure to increase the graft pool for adults.
Summary Background Data
The shortage of cadaver liver grafts for adults is increasing. Using livers from donors defined as optimal, the authors have been developing techniques for SLT for two adult recipients at their center.
Methods
From July 1993 to December 1999, 34 adults have undergone SLT with grafts from optimal donors prepared by ex situ split (n ϭ 30) or in situ split (n ϭ 4), and 88 adults received optimal whole-liver grafts that were not split. Four split-grafts were transplanted at other centers. The outcomes of transplantation with right and left split-liver grafts were compared with those of whole-liver transplants. The main end points were patient and graft survival at 1 and 2 years and the incidence and types of complications.
Results
For whole-liver, right and left split-liver grafts, respectively, patient survival rates were 88%, 74%, and 88% at 1 year and 85%, 74%, and 64% at 2 years. Graft survival rates were 88%, 74%, and 75% at 1 year and 85%, 74%, and 43% at 2 years. Patient survival was adversely affected by graft steatosis and recipients inpatient status before transplantation. Graft survival was adversely affected by steatosis and a graft-torecipient body weight ratio of less than 1%. Primary nonfunction occurred in three left split-liver grafts. The rates of arterial (6%) and biliary (22%) complications were similar to published data from conventional transplantation for an adult and a child. SLT for two adults increased the number of recipients by 62% compared with whole-liver transplantation and was logistically possible in 16 of the 104 (15%) optimal cadaver donors.
Conclusions
Split-liver transplantation for two adults is technically feasible. Outcomes and complication rates can be improved by rigid selection criteria for donors and recipients, particularly for the smaller left graft, and possibly also by in situ splitting in cadaver donors. Wider use will require changes in the procedures for graft allocation and coordination between centers experienced in the techniques.
The gap between the supply of livers for transplantation and the demand continues to widen as new indications are added, with adult potential recipients accounting for more than 95% of waiting list deaths. 1 The development of new guidelines for accepting potential recipients has been recommended to limit this proportion, ensuring that available organs go to patients whose condition has not deteriorated during the waiting time and who are more likely to enjoy longer-term survival. 2 However, we believe that there is still scope for increasing the graft pool for adults through splitliver transplantation (SLT).
Split-liver procedures that divide a cadaver organ into a small left graft for a child and a larger right graft for an adult have reduced the graft shortage for children 3 and could even eliminate the need for elective living donors in this population. 4, 5 Split-liver procedures for two adult recipients, however, are still uncommon. They pose technical chal-lenges, in particular that of obtaining an adequate mass of functional parenchyma in the left graft. Our earlier report on SLT 6 described three split-liver procedures for two adults. Since then, we have extended our experience using techniques such as ex situ splitting of cadaver donors and in situ splitting of livers from patients with familial amyloid polyneuropathy (FAP) undergoing domino liver transplantation. 7 In this article, we compare the outcomes of split-liver procedures for two adults with those of whole-liver transplantation from similar donors and discuss the technical and logistical feasibility, including criteria for donor and recipient selection.
PATIENTS AND METHODS

Organizational Aspects
The French Organ Sharing Authority (Etablissement Français des Greffes) allocates each donor to a center, which then selects the recipient. We consider as optimal for a split-liver procedure a donor younger than 55 years with body weight more than 70 kg who has stable hemodynamics, normal liver function tests, and no macroscopic aspect of liver steatosis at harvesting. 6 When a donor meets the preharvest criteria and local logistics permit the split-liver procedure, the French Organ Sharing Authority is informed and offers the potential second split graft to another center. The first recipient procedure starts as soon as the donor liver is assessed as suitable for transplantation. The anatomical feasibility of dividing the liver is confirmed on the back table using arteriography and cholangiography. 6 For FAP donors, arteriography is performed in the usual pretransplant workup and cholangiography is performed during surgery. 7, 8 If another center has accepted a split-liver graft, the split graft to be shipped is prepared first and dispatched. If no other center has accepted the graft, a second local recipient is prepared when logistics permit. Otherwise, the liver graft is transplanted as a whole organ.
Between July 1993 and December 1999, there were 18 optimal donors whose liver was used in a split procedure for two adults undergoing a first liver transplantation. All recipients gave informed consent to receiving a split-liver graft. In the same period, livers from 88 optimal donors were used for first elective liver transplantation in wholeliver transplants because logistics did not allow the split procedure.
Split-Liver Graft Preparation
At the anatomical assessment, only nonbifurcation of the portal vein is an absolute barrier to splitting. Other vascular and biliary variants are not barriers, irrespective of the numbers and difficulty of the anastomoses required. In this series, the liver was divided through the middle of segment 4 in 12 of the 18 cadaver donors, retaining the middle hepatic vein with the right graft. 6 In six recent cases, all of segment 4 (the left medial segment) was allocated to the left graft to increase the graft-to-recipient body weight ratio. The middle hepatic vein was kept on the left in continuity with the common trunk of the left and middle hepatic veins. We used the cutting lines as for hepatectomy in living donors to remove the left liver 9 in three cases and for right liver removal 10 in the three others. In both FAP domino donors (the explanted native liver of a patient with FAP is split in situ and both explanted hemilivers are transplanted to two recipients), an in situ split procedure was performed 8, 11 ( Fig. 1 ). The first-order artery (celiac axis for cadaveric grafts, common hepatic artery for domino grafts) was retained on the left graft in 16 of the 18 grafts. The portal vein trunk was kept in continuity with the left graft when there was a portal bifurcation (15/18) . In three cases with a trifurcation, the portal trunk was kept in continuity with the right graft.
Split-Liver Graft Implantation
The technique was selected as indicated for each split graft-patient couple [12] [13] [14] [15] with percutaneous venovenous bypass installed as needed. 16 The implantation technique was adapted as necessary using preservation of the native vena cava, 17, 18 arterial or venous grafts, 19 -21 or the prevention of kinking of the venous anastomosis. 22 One patient underwent a flop procedure 23 because of the severe angulation of the vascular pedicle connections. In the so-called flop procedure, the left graft is rotated through 180°of sagittal orientation so that the hilar structures are brought into an anterior and medial location coaxial with the native liver pedicle. One patient underwent an auxiliary partial orthotopic liver transplantation for fulminant hepatitis. 24 First-order arteries were anastomosed with ϫ2.5 magnifying loupes, and second-order arteries were anastomosed under the microscope. 25, 26 
Postoperative Care
In all patients, the usual posttransplant care for the center was followed. 6 Graft perfusion was checked by Doppler ultrasound examination daily in the intensive care unit, then weekly until discharge from hospital. Patients whose partial thromboplastin time was less than 1.3 times control or whose platelet count was more than 30,000/L were anticoagulated with heparin (target partial thromboplastin time 1.5-2.0 times control). Heparin was discontinued on discharge from the hospital, and aspirin (250 mg/day) was started.
Data Analysis
Continuous variables in recipients included age (years), body weight (kg), pretransplant levels of prothrombin (% of normal level), bilirubin (mol/L), albumin (g/L), creatinine (mol/L), alanine aminotransferase (ALAT) (IU/L), and aspartate aminotransferase (ASAT) (IU/L). Categorical variables included sex, Child class, patient status at transplantation (i.e., in the hospital or in the intensive care unit vs. at home), and status of underlying liver parenchyma (i.e., cirrhotic vs. healthy liver). For donors and grafts, continuous variables included age, body weight, and preharvesting levels of bilirubin, ALAT, ASAT, and gamma glutamyl transpeptidase (GGT) (IU/L). Categorical variables included sex, presence of severe steatosis of the graft, and type of graft (full vs. left vs. right). For comparing the matching of donors to recipients, the donor-to-recipient body weight ratio (%) and the graft-to-recipient body weight ratio (%) were calculated and then classed as less than 1% or 1% or more. 6, 27 Other factors potentially associated with outcome were assessed, including cold ischemia time (minutes), units of packed red cells transfused during transplantation, duration of intensive care unit stay, and total hospital stay. Postoperative complications considered to be related to surgical technique, whatever their delay of onset, were classified into the following categories: postoperative hemorrhage requiring reoperation, biliary, arterial, portal, or other.
Outcomes for right and left split-liver grafts were compared with each other and with whole-liver graft outcomes in elective first transplants with whole livers from optimal donors. The main end points were patient survival and graft survival at 1 and 2 years. Variables of potential prognostic importance were assessed by univariate analysis. If significantly correlated with the main end points (log-rank test), they were evaluated in the Cox multivariate logistic regression proportional hazard model, using forward stepwise selection to identify independent predictive factors. Risk ratios (RR) and corresponding 95% confidence intervals (CI) were calculated. P Ͻ .05 was considered significant. All statistical analyses were performed using StatView 4.5 software (Abacus Concepts, Inc., Berkeley, CA).
RESULTS
Logistic Feasibility
Thirty-six split-liver grafts were obtained from 18 donors. Of these, 30 were transplanted in our center. Two right and two left split-liver grafts were transplanted at two other centers. Two split-liver grafts (one right and one left) were discarded because of prolonged ischemia, because the first transplant procedure was much longer than planned and a second team was not available.
Donor-Recipient Matching
There were 16 donors, median age 40 (range 23-55) years, all men. One split-liver procedure was performed in a donor with a GGT level of 362 IU/L (reference range for men, 11-85) whose liver had a macroscopic appearance of mild steatosis. Subsequent graft histology showed the steatosis to be massive. The two FAP domino donors, both men, were aged 40 and 52 years and were both at home before transplantation. The cadaver donors for these two patients did not meet the criteria for a split procedure.
The 34 split-liver grafts were transplanted to 19 male and 15 female recipients, median age 47 (range 25-65) years. Recipients of whole-liver and right split-liver grafts were comparable in all aspects ( Table 1) . Recipients of left split- Vol. 233 • No. 4 Azoulay and Others liver grafts were younger than recipients of right split-liver grafts (P ϭ .0007). More of them had native livers not affected by cirrhosis than recipients of right split-liver grafts or whole-liver grafts, and their pretransplant liver function as assessed by Child class, ASAT, and ALAT was better, with the exception of the one case of fulminant hepatic failure.
The main aspects of donor-recipient matching are summarized in Table 2 . Recipients of whole-liver grafts and right split-liver grafts were comparable in terms of body weight, cold ischemia time, and intraoperative blood transfusion, but recipients of left split-liver grafts were significantly lighter, with a median body weight of 50 kg. Recipients of left split-liver grafts were comparable to recipients of right split-liver grafts and whole-liver grafts in terms of cold ischemia time and blood transfusion, but the grafts were smaller, and the graft-to-recipient body weight ratios were lower than in recipients of right split-liver grafts and whole-liver grafts. The median donor whole-liver weight in the whole-liver group was less than in the split-liver group, with a wider range.
Early Outcomes
Six patients died in the hospital after SLT (median transplantation interval 2.6 months, range 1.3-7). Death was technique-related in one patient (intraperitoneal bile leak on day 5, persisting despite repeat laparotomies, death at 7 months from sepsis and multiple organ failure). Death was not attributable to the split-liver technique in five patients (causes of death: acute respiratory distress syndrome, multiple organ failure, bacterial pneumonia, herpesvirus hepatitis, multiple organ failure after retransplantation). No inhospital deaths occurred after whole-liver transplantation.
Primary nonfunction occurred in 3 of the 17 left splitliver grafts, in none of the 17 right split-liver grafts, and in none of the 88 whole liver transplants (right vs. left, P ϭ .07; left vs. full, P Ͻ .0001). The corresponding figures for graft-to-recipient body weight ratio were 0.87%, 0.86%, and 0.69% (an auxiliary partial orthotopic liver transplantation). One occurred in a steatotic liver. All patients underwent a retransplant within 5 days of transplantation with whole cadaver grafts, but one patient died of septic complications related to the retransplantation. Twenty-six patients (76%) had no technical complications after SLT. Thirteen technical complications occurred in eight patients (five left and three right), leading to an overall complication rate 24% for SLT. Table 3 summarizes the nature, management, and outcomes of the complications, which led to graft loss in one patient and to two patient deaths (at 7 and 22 months after transplantation).
Ten technical complications occurred in 9 of the 88 whole-liver recipients (complication rate, 10%): postoperative hemorrhage (n ϭ 3), biliary complications (n ϭ 6), and an arterial thrombosis (n ϭ 1). Two cases of portal vein stenosis were diagnosed by Doppler ultrasonography and were considered as not hemodynamically significant. The only arterial complication lead to graft loss (intrahepatic cholangitis), with successful retransplantation at 24 months. The number and type of complications seen in split-liver and whole-liver transplantations are compared in Table 4 .
Late Outcomes
There was no difference in graft survival between wholeliver grafts and right split grafts, but the survival of left split Azoulay and Others grafts was significantly lower at 2 years (43%) compared with whole-liver grafts (85%; P ϭ .003; Fig. 2 ).
There was no significant difference in inpatient survival rates whether patients received whole-liver grafts or right or left split-liver grafts at 1 year (87.7%, 74.2%, 87.5%) or at 2 years (85.0%, 74.2%, 64.0%; Fig. 3) .
Two recipients of a left split-liver graft died within 24 months of SLT, after hospital discharge. The patient who had undergone the flop implantation procedure developed early biliary obstruction that required permanent biliary drainage. A portal vein thrombosis was diagnosed at 5 months. This patient died of sepsis at 22 months while awaiting retransplantation. This death was ascribed to the surgical technique. The second patient developed intrahepatic and portal pedicle lymphoproliferative disease at 5 months after an uneventful SLT. Chemotherapy led to necrosis of an intrahepatic nodule communicating with the bile ducts. The patient needed permanent biliary drainage and had repeated cholangitis. He died of sepsis and multiple organ failure 24 months after SLT.
Factors Associated with Patient and Graft Survival
Univariate analysis showed six factors associated with patient survival: recipient status at transplantation (P ϭ .0001), elevated donor GGT level (P ϭ .0004), graft steatosis (P Ͻ .0001), graft-to-recipient body weight ratio (P ϭ .015), intensive care unit stay (P ϭ .0005), and total hospital stay (P Ͻ .0001). There was no association with the recipient's sex, age, liver parenchyma status, Child class, or any of the biochemical parameters in the pretransplantation workup. There was no significant influence of the type of graft, the cold ischemia time, intraoperative blood transfusion, or the ratio of the graft size to the patient's body weight.
The logistic regression model showed that patient survival was reduced when there was graft steatosis (P Ͻ .0001; RR 125, 95% CI 16 -1,000), when recipients were in hospital or in the intensive care unit (P ϭ .02; RR 3.6, 95% CI 1.3-10.4), or when the hospital stay was long (P ϭ .007; RR 1.008, 95% CI 1.002-1.014).
Univariate analysis showed 10 factors inversely associated with graft survival: the recipient's hospital status at transplantation (P ϭ .0001); recipient pretransplant levels of bilirubin (P ϭ .017), ASAT (P ϭ .001), and ALAT (P ϭ .001); donor GGT level (P ϭ .001); steatosis of the graft (P Ͻ .0001); a left graft (P ϭ .003); graft-to-recipient body weight ratio less than 1% (P Ͻ .0001); duration of intensive care unit stay (P ϭ .0007); and total hospital stay (P Ͻ .0001).
Univariate analysis showed no significant association with graft survival of recipient sex, age, status of underlying liver parenchyma, Child class, creatinine, prothrombin time, albumin, donor parameters such as age, bilirubin, ASAT, ALAT, donor-to-recipient body weight ratio, cold ischemia time, or amount of intraoperative transfusion. The logistic regression model showed that graft steatosis (P ϭ .002, RR 25, 95% CI 3-200), graft-to-recipient body weight ratio less than 1% (P ϭ .001, RR 6.5, 95% CI 2.1-20), and total hospital stay (P Ͻ .0001, RR 1.01, 95% CI 1.002-1.008) were independently associated with graft failure.
DISCUSSION
Three cases of SLT for two adults reported previously 6 are included in this series because the donors were optimal. Only three case histories have been found in the literature, including one from our center. 13, 28, 29 The outcomes of these patients are not comparable because of the clinical status of the donors and recipients.
Patient and Graft Survival Rates
For right split-liver grafts, we found patient and graft survival rates comparable to those for whole-liver transplantation. The recipients of a left split graft in this series had a higher risk of graft failure from primary nonfunction. Patient survival rates were comparable, taking into account the three retransplantations necessary because of primary nonfunction.
Donor-Recipient Matching
The fact the left graft recipients were younger, smaller, and had better native liver function simply reflects the surgeons' selection bias for left split-liver graft recipients. The principal pretransplantation factors influencing patient survival were graft steatosis and the hospital status of the recipient. The two principal factors affecting graft survival were graft steatosis and a graft-to-recipient body weight ratio of less than 1%.
The graft failure resulting from steatosis is not surprising. In retrospect, the donor liver with steatosis should not have been split. We appreciated at the time that the liver was marginal, but the deteriorating clinical condition of the recipient and the shortage of grafts for adults led to the decision to make the split based on macroscopic appearance and texture rather than on histologic examination, which would have added to the ischemia time.
We had previously established that a graft-body weight ratio of less than 1% is associated with a less favorable outcome in SLT. 6, 27 This was confirmed in the present analysis by a 6.5-fold (CI 2.1-20) increase in the risk of graft failure when the ratio was less than 1%. Essentially, this means that the potential recipient of a left split-liver graft should have a body weight corresponding to the surgeon's weight-range estimate of the donor left split graft.
We had expected that the loss of functional parenchyma resulting from cold ischemia 30 would be additive with small graft size as a cause of primary nonfunction or anastomotic failure. However, we avoided transplantation of organs with very long cold ischemia times, so the lack of an observable effect of cold ischemia time in this series is not unexpected. The much shorter cold ischemia time in the in situ split procedures in the FAP patients, however, suggests that cadaver livers should also be split in situ.
The use of small left split grafts as auxiliary transplants in heavier patients is arguable. In adults, the principal indication is fulminant hepatic failure, 24 but the outcomes of these emergency procedures is poor, with graft and patient survival rates in adults of 29% and 35%, respectively. 31 The one auxiliary partial orthotopic liver transplant in this series had early graft failure. Our conservative conclusion is that split livers should not be used for auxiliary partial orthotopic liver transplant procedures, especially in emergency situations such as fulminant hepatic failure.
Recipients had a higher risk of death (RR 3.6, 95% CI 1.3-10.4) if they were in the hospital (either in the intensive care unit or a regular hospital bed) than when at home. An elective transplantation procedure in a patient normally at home appears to be a better indication, with a risk of death 3.6 times less than urgent transplantation in an inpatient. The importance of elective procedure was confirmed by Busuttil (personal communication) in a recent multivariate analysis of his updated series. Previously, there was no distinction between the outcomes of elective and urgent procedures. 3, 29 Duration of hospital stay was, logically, related to both patient and graft survival. The relation was small but significant and resulted from the nature and severity of the complications. Table 5 summarizes reported complication rates in conventional SLT for an adult and a child.
Surgical Technique
The reported rates of arterial occlusion in whole-liver transplantation range from 0% to 6% in adults [32] [33] [34] [35] and from 3.2% to 16.7% in children (2.8 -11.4% for reduced-size liver grafts). 32-34,36 -39 In SLT, these range from 0% to 15%. 6,29,40 -43 The rate of arterial complications in the present series (6%) is within the range of the present state of the art. The application of microsurgical techniques to the SLT procedure should optimize the results, as reported for living-related liver transplantation. 29 Venous outflow obstruction for left split grafts did not occur using the venoplasty techniques. 22 We have no hypothesis to explain the two cases of portal vein thrombosis in this series.
Biliary complications occurred in 22% of patients in this series. Published rates range from 12.5% to 19.5% in adults 32, 44, 45 and from 5% to 22% in children (5-13% in reduced-size liver grafts). 33, 36, 38, 39, 45 Biliary complications occurred in 0% to 25% of recent series of SLT. benign are leaks from the raw surface, which usually resolve with percutaneous drainage, although one death resulted from the complications of interventions for a persistent leak. Problems concerning the biliary anastomosis are more troublesome, especially stenosis. The three cases here all occurred in a left split graft, in a choledochojejunostomy, and were relieved by percutaneous balloon dilatation and temporary stenting. The application of microsurgical techniques to the biliary reconstruction could reduce the incidence of biliary complications, but there are other approaches. The dissection of the left hepatic duct and the hilar plate can be minimized to avoid devascularization. Stenting of the anastomosis has been reported in living-related liver transplantation. 46 Constructing the anastomosis on a Roux-en-Y loop on the right side takes advantage of the healthier vascular supply of the intrahepatic right duct. Most importantly for the further expansion of split-liver procedures for two adults is to reduce the cold ischemia time by splitting the liver in situ in the cadaveric donor. Preliminary results with this procedure have shown a low incidence of biliary problems. 3, 29, 40 Expanded Use This analysis shows that split-liver procedures for two adults are technically feasible. The recipient of a right split graft is not penalized in terms of graft survival, patient survival, or complications. In two of the three cases of primary nonfunction, a subcritical mass of parenchyma was transplanted, and the third had a steatotic liver. These events may be avoided in future left split graft recipients by rigid selection criteria.
Taking into account retransplantations, 89 whole-liver grafts were transplanted into 88 recipients, and 21 livers (18 split, 3 whole) were transplanted into 34 patients. In this series, SLT yielded a 62% net increase in adult transplant recipients. The potential gain in the number of patients transplanted is actually even greater because two split grafts could not be used for logistic reasons, and at least two of the split-liver failures requiring retransplantation could have been avoided by rigid selection criteria.
More widespread use of split-liver procedures for two adults would also improve outcomes through experience. The outcomes in publications since 1995 3,6,29,40 -43 are better than those in earlier reports, 15, 21, 39, [47] [48] [49] and it is logical to expect the same in splits for two adults. There is also a clear volume-to-outcome relation in liver transplantation, 50 which would also be expected with SLT. In the European Liver Transplant Registry, there is a clear relation between the volume of SLT procedures performed and the outcome: 1-year patient and graft survivals are significantly better in centers performing more than 40 SLT procedures (77% and 67% respectively) than in centers performing 20 to 40 SLT procedures (67% and 58%. 51 Additional arguments in favor of establishing split-liver programs in large centers are related to logistics and potential recipients. In this series, a split procedure was performed in only 16 of 106 (15%) eligible cadaver donors. In our center, the second transplant team is usually assembled from off-duty volunteers, which is not always possible. Greater familiarity with SLT in neighboring centers could increase the numbers of split grafts sent out when a local second team is unavailable.
A second limitation is the availability of size-matched recipients. The criteria for matching the recipient to the graft tend to select lighter recipients, with better underlying liver function. The potential recipients of a left split-liver graft of partner centers could be pooled.
Sex matching may be necessary for wider practice of SLT for adults. The optimal donor is more likely to be male because of the selection by body weight (100% of donors in this series). Similarly, low-body-weight recipients of left split grafts are more likely to be female (65% of left graft recipients in this series) and younger. Male-donor-to-female-recipient liver transplantation has a higher association with chronic rejection, particularly in recipients with primary biliary cirrhosis, 52 which is an indication also likely to be found in the split graft recipient population. Male-donor- All series were split for 1 adult and 1 child except 1 and 3 pairs of adults in references 29 and 6, respectively.
to-female-recipient liver transplantation also appears to have a higher incidence of posttransplant malignancies. 53 One female patient died of complications of lymphoproliferative disease within 24 months of a split-liver transplant from a male donor, but there is no clear evidence of a role of sex mismatch in this outcome.
We conclude that the liver should definitely be considered as often as possible as a paired organ. SLT for two adults is feasible and can provide outcomes equivalent to those of whole-liver transplantation. There are no medical or ethical obstacles to more widespread use. Changes are needed in the way that organs are allocated and in the coordination between transplant centers to maximize the potential for reducing the graft shortage for adults.
